The widespread expansion of mobile multimedia traffic results in a tremendous slowdown, or even breakdown in cellular networks. Cache-enabled Device-to-Device (D2D) communication can be employed as a potential solution against the performance degradation. In this paper, we propose a many-to-one D2D communication model to carry on content delivery, which takes full advantage of storage redundancy in dense network scenarios. We study the minimisation problem of transmission delay and introduce the queuing mechanism of multi-server to derive the queue length for the number of D2D requesting users (RUs). Considering the cumulative interference caused by multi-pair D2D communications in the uplink period, restricted zone of D2D communication is defined to guarantee the quality of main link communication. Furthermore, the non-outage probability is deduced to analyse the system performance. Numerical simulations show that our system yields significantly greater throughput by one or two orders-of-magnitude in realistic settings, while transferring traffic load of the base station reasonably.
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Introduction
The influxes of massive mobile multimedia data and other new services lead to exponential growth of traffic load in cellular networks. A large amount of data traffic generated by those applications consists of content delivery, such as social networking services, road traffic updates popular videos and recommending advertisements. According to the latest study made by visual network index (VNI) from Cisco, the total demand for wireless mobile data is therefore expected to increase doubling or tripling every year (Danihelka et al., 2015) . This is accompanied by a paradigm shift of user requirements for higher rate transmission and distinct qualities of service (QoS) . Therefore, cache-enabled Device-to-Device (D2D) communication is exploited to assist base station (BS) in traffic offloading and data propagation, and then ultimately to address the overload problems in cellular networks. Content distribution based on D2D has drawn much attention since it allows files to be stored actively at the edge of the network, i.e. near to the users on demand, and transmits data directly in close proximity.
As one of the key technologies of 5G communications, D2D can improve network throughput and reduce the content transmission delay effectively by sharing the uplink or downlink wireless resources with cellular communication.
There have been a lot of researches related to cache-enabled D2D communication underlaying cellular networks in recent years. An important aspect of the researches is resource allocation and interference management. For example, in order to ensure the successful coexistence between traditional cellular communication and D2D links, allocation algorithm has become an extremely important method to mitigate mutual interference (Bodinier et al., 2016; Lee et al., 2015) . Resource assignment mechanisms based on power control were also discussed in Yin et al. (2016) , Naqvi et al. (2016) , Jiang et al. (2016) and Lee et al. (2015) to constraint the maximum interference in the downlink transmission. The authors in Chen and Kountouris (2015) considered a guard zone around each active D2D transmitter to reduce the total interference. Interference cancellation (IC) and beam forming (BF) strategies based on multiple antennas were presented in Ni et al. (2016) to ensure the required performance of multiobjective users.
Furthermore, the available offloading proposals have also received considerable attention. For example, in Golrezaei et al. (2012 Golrezaei et al. ( , 2013 , a small base station named helper with high storage capacity was introduced to cache popular video files. In Chou et al. (2014) , mobile small base station was investigated to address the deployment problem for small cells. In Ao and Psounis (2015) , the caching strategy combining femtoCaching and PHY/MAC layer was proposed to coordinate D2D communication. To obtain the optimal efficiency of spatial spectrum reuse, this kind of offloading scheme divided macro cell into multiple small regions equipped with special storage devices. It can be named as small cell-based D2D communication. However, during peak traffic period, the backhaul link-capacity accessing to respond user requests is enormously high in small cell-based D2D mode. Moreover, small cells do not handle the interference of closed-subscriber group efficiently, which is frequently formed due to the dense deployments. That is, along with the growth of the small cell number, the hit rate and transmission rate will be increased as well as the system interference and the capitalised cost.
The other concept goes even further by considering the storage capabilities of mobile devices, which has been studied in Zhao et al. (2015) , Golrezaei et al. (2014) , Liu et al. (2014) and Yang et al. (2016) . These scenarios suggested user terminals (UTs) to pre-store files through different storage strategy, but allowed only one neighbour node to communicate with the requesting user (RU) at the same time, which can be described as one-to-one D2D communication. The studies show that the option of pre-storing files in UTs has advantages to improve spectral efficiency and then introduce reuse gain. Although the mobile devices like UTs cannot guarantee the effective transmission because of dynamically changing network topology and limited storage capacity in a sparse environment, it is foreseen that an RU can detect more and more suitable neighbour nodes with the increase of network users. Moreover, current wireless technologies such as time/frequency division multiple access and maximum ratio transmission (MRT) (Ao and Psounis, 2015) make it possible to transmit contents from multiple nodes to a receiver simultaneously.
Motivated by the existing researches, we propose a manyto-one D2D communication architecture to handle the everincreasing data traffic, while reusing the cellular network spectrum resource in the uplink period. To accommodate the dense or even ultra-dense scenarios, we mainly focus on the innovative content delivery strategy utilising the redundancy storage of available UTs. We study content delivery problem with the goal of optimising the performance of network transmission. However, D2D communication can obtain proximity gain, multiplexing gain and caching gain as well as significant accumulative interference, which is caused by the multi-pair D2D links sharing spectrum. In particular, when D2D transmitter is too close to the BS, i.e. the receiver of cellular communication in the uplink period, just one D2D link may yield an interrupt on the cellular communication. Therefore, efficient interference analysis and control policy for the proposed system are essential to enhance the system throughput, reduce the packet latency and ensure the higher quality of service (QoS).
Compared with the existing work, our contributions are summarised as follows: I Leveraging the storage redundancy of neighbour nodes in dense or even ultra-dense network, we propose a many-toone D2D communication architecture underlaying cellular network to distribute data. Under the premise of ensuring the reliability of main communication, we further present an optimisation goal associated with system transmission delay.
II We adopt the model of independent homogeneous Poisson process to describe the random occurrence of user requests. The queue length for the number of RUs is derived according to the queuing mechanism with batch arrival and multi-server. Furthermore, the formula in the sense of minimum total transmission delay is deduced to analyse the relevant factors affecting on the network characteristics.
III We study the influence of multi-pair D2D links on the properties of cellular systems in the uplink period. Based on the interference control in terms of restricted zone, the non-outage probability of BS is derived and simulated.
System model
We consider a network as illustrated in Figure 1 , which is composed of a typical BS with the coverage radius R and a large number of users embedded with storage device. When a typical user initiates a request, the transmitter may be the BS or UTs (i.e. the matched neighbour nodes). Although the storage capacity related to each UT is very limited, even if it store just one file, RU could find more than one matched neighbour users with a certain probability in the dense environment. Different from the traditional one-to-one D2D communication, which enables only one neighbour user to participate in the transmission, we can activate all of the neighbour nodes holding the requested files to carry out many-to-one D2D communication. For example, when Hill wants a file, he will set up a local cooperative many-to-one D2D communication with all suitable users (such as Taylor, Smith and Tom) and then receive the needed data flow directly, as shown in Figure 1 . If none of neighbour nodes owns the required file, the file will be obtained from the BS through cellular communication. In this paper, many-to-one D2D communication means that an RU can establish multipair D2D links owing to the caching gains. The reason behind is that the same required file may be stored in more than one neighbour node by taking into account the total storage ability of UTs in the dense environment. The neighbour node is defined as the UT covered by the transmit power of the RU. The maximum allowable transmission radius r d is governed by the transmit power. For the sake of simplicity, we suppose that all users have the same transmit power level, i.e. the same feasible communication range. Furthermore, we assume that each user logs its coordinates to calculate the channel gain. In order to avoid cellular communication interrupt caused by accumulative interference, we define a restricted zone of D2D communication, which can be depicted as a circle with radius r (see Figure 1) . The more detailed description of restricted zone will be mentioned later. 
Problem formulation and analysis
In this section, we study the relevant parameters impacting on the network performance. In order to evaluate the system performance exactly, the queue lengths of RUs are further discussed with the modelling of continuous time multiserver queue.
Problem formulation
It is obviously that the performance of the network transmission is related to the number of requesting users, the storage strategy, the request policy as well as the presence of accumulative interferences caused by multi-pair D2D links. We suppose that each user requests a file independently from the library
of unit size M, which are all available in the BS. Large quantities of researches certify that users make requests randomly according to the popularity distribution, which can be modelled as good as a Zipf distributions. Under this model, the request probability of the i-th popular file can be defined as  i , where 1 i M
. For the remainder of this paper, we set  i based on a study from the University of Massachusetts Amherst campus in 2008 (Golrezaei et al., 2014) .
The transmission delay is an important measure for evaluating the performance of a network scheme. In this paper, we define the expected transmission delay of the i-th file as
, where
represents the storage strategy of the i-th file and n represents the number of users requesting simultaneously. Then, the average transmission delay produced by a request can be expressed as:
Assume that there are n users generating requests simultaneously, the optimisation problem of transmission performance can be formulated as follow:
Subject to:
where  is the signal-to-interference-plus-noise ratio (SINR)
at BS when multiple D2D links reuse the given cellular resources. To guarantee the communication performance of cellular users, the BS must be firstly ensured as long as their SINR is greater than the threshold  0 .
Average queue length for request
In this paper, we consider a typical cell in the cellular network which serves N users in this paper. The random variable N 1 , denoted as the number of users generating requests simultaneously, yields a thinning homogeneous Poisson stochastic process
with intensity . Therefore, the probability that there are n RUs at the same time within the duration t is given by:
The requests arriving at the system form a single waiting line and can be served by the neighbour nodes or the BS in the arrival sequence, that is, first-come-first-served (FCFS). If we suppose that there are C channels providing necessary service to RUs, then the file request process can be seen as a multi-server queue problem. The channel number C is equal to the maximum number of links allowed to communicate in the system. Furthermore, we define 1  as the average service time, which obeys a negative exponentially distributed with the mean service rate . For the presented system, one can draw a conclusion that the average service time is equivalent to the average transmission delay
We define state set
, and then the state transition diagram can be obtained from the further investigation of birth-and-death process. The steady-state equations governed by the multi-server queuing system can be formulated as:
where k is represented as any one state. Considering the limitation of regular condition
we can derive that:
For the convenience of description, we define     , and then the following conclusions can be deduced:
Conclusion 1: During the service time 1  , the average number of user requests arriving is .
Proof: Let E(n) denotes the mean number of RUs, the average number of user requests arriving can be calculated: 
Proof: See Appendix B.
Considering the processing capacity of system is large, e.g.
can be thus omitted and the total number of RUs can be described briefly as  
. Furthermore, substituting n in formula (2), the solution to the optimisation problem can be obtained by solving the following binary linear program:
Average transmission delay
In this paper, the average transmission delay is determined by the density of neighbour nodes, the cache size and the storage strategy. For simplicity, we assume that all files have the same size and each file is a basic storage unit. Moreover, we suppose that each user can cache only one file, though generalisation to multiple files per user is trivial. Set the length of each file is B bits, which is the same size as storage unit of users. Each user caches content independently and follows the Zipf distribution with exponent  c . The storage probability of the i-th popular file, denoted by  i , can be expressed as:
The exponent of caching distribution  c is one of our decision variables. When a request occurs, the required data will be served directly by the suitable neighbouring nodes, which have the availability of demand file in its local cache. The BS will carry out cellular transmission only when none of the neighbour nodes stores the required files. We suppose that all users in the cell are arranged according to uniform distribution, the number of neighbour nodes for each user can be calculated as   
Then, the transmission rate provided by the neighbour users, denoted by
, can be formulated as:
where R d is the ideal transmission rate and can be obtained by Shannon theory,  d is the attenuation coefficient of Rayleigh fading.
In this optimisation problem, we neglect the self-request (i.e. RU stores the required file in its own cache) due to the zero-latency transmission. Considering the probability that none of the neighbour nodes stores the required files, the data can be obtained only from cellular communication. Therefore, the average transmission rate of the i-th file   , i n x  can be calculated:
is defined as the transmission rate of BS. Taking into account the request probability of the i-th popular file, the average transmission rate for each arbitrary request can be obtained:
It is certain that the average transmission delay is inversely proportional to the rate. Thinking back to the average queue length for RUs mentioned above, the solution to the optimisation problem can be obtained by solving the following binary linear program:
Interference control
We now study a different aspect of the problem which plays a key role in our architecture: restricted zone of D2D communication. During the transmission time in the uplink period, the BS receives data payload transmitted by cellular user as well as interference signal introduced by multi-pair D2D communications. The received signal of the BS, described as B  , can be given by the following formula, while total T is the number of multiple D2D links and total T   :
where P D , P C represent the transmit power of D2D users and the cellular user individually. d iB and d CB indicate the distance from the i-th D2D transmitting user and cellular user to the BS, respectively. H i,B and H CB denote the different channel gains, which can be seen as independent random variables subjecting to the identically exponential distribution.  expresses the path loss exponent, x CB and x iB are log normal shadow fading coefficients from the cellular user and the D2D transmitter to the BS. Furthermore, we can compute the SINR of BS as following:
As the main communication, cellular links should be prioritised to ensure the quality of service. We define   0 P     as the non-outage probability of the cellular network. Accordingly, we can discuss the communication performance with different parameters. It is obvious that the smaller the distance between D2D transmitter and BS, the stronger the interference to BS. Aiming at the high quality of service and the stable data rate for cellular users, it is essential to set the restricted zone for D2D communication. If we suppose d  as the interference threshold between D2D transmitter and BS, the restricted zone then can be expressed as:
is the maximum transmit power of D2D communication. Therefore, the minimum restricted zone r min can be obtained if 1 total T  . It is no doubt that the SINR increases with the increase of r. Furthermore, under the condition of large SINR, the non-outage probability of the cellular communication can be approximated as (Mathai and Provost, 1992; Papoulis and Pillai, 2002) :
where i
Numerical results and analysis
In the following, we analyse numerical results to investigate the effects of relevant parameters on the network performance. Unless specified otherwise, all figures accept those considering values of the parameters. We set the coverage area of BS R = 500 metres, the storage capacity M = 100 and the D2D transmission radius r . The noise power of receiver is set to 70 dBm and the bandwidth of each channel is assumed to be 1 kHz. We adopt the Monte Carlo experiment to prove the effectiveness of the proposed algorithm and the number of Monte Carlo experiments is 10,000.
The average number of D2D links generated by RUs is a critical factor which affects the system performance and cumulative interference. Figure 2 indicates that the total number of users N and the Zipf exponent  c have a great influence on the average number of D2D links in the cellular network. The bigger N means the higher the user density is, and thus leads to more number of suitable neighbour nodes. The number of D2D links activated is doubled and redoubled as N grows from 2000 to 5000. From the picture, it is also demonstrated that the proposed model can achieve better performance in dense networks. The Zipf exponent  c characterises the cache state of popular files. Larger  c means higher repeatability related to content caching, i.e. the most popular files account for the majority of the users' storage capacities. Accordingly, we can observe that the average number of D2D links increases with the increase of  c , which is due to that users always request the most popular files with high probability. Figure 3 describes the transmission delay for different transmission model when just one user generates a request.
Intuitively, a larger  c means that more qualified neighbour nodes are within the communication range to provide D2D communication. The proposed D2D communication obtains diversity gains and storage gains created by multiple neighbour nodes. Therefore, the transmission delay will decrease with  c increasing. In contrast, one-to-one D2D allows RU to connect no more than one neighbour node. When the mean number of D2D links reaches 1, the transmission performance tends to flatten. It is not surprising that the transmission delay is relatively stable but larger when the RU receives file through BS. When multiplexing the uplink wireless resources, multiple links caused by many-to-one D2D communication will generate cumulative interference to the BS. Figure 4 shows the curve between outage probability of BS and the different number of D2D links. Along with the growth of D2D links sharing cellular resources, the outage probability of the BS increases. The reason is that the cumulative interference due to multi-pair D2D links makes the main communication quality between cellular user and BS deteriorate. Therefore, in order to guarantee the communication quality of the cellular users, the maximum number of D2D links multiplexing wireless resources can be obtained under the non-outage communication limitation.
Figure 4
The curve between outage probability of BS and number of D2D link (see online version for colours) Figure 5 The influence of restriction zone on non-outrage probability with different radius Figure 5 shows the influence of restriction zone on nonoutrage probability. From the figure we can see that the non-outrage probability improves obviously with the increase of restriction radius from 5 m to 15 m. It can be concluded that the set of restriction zone for D2D communication is an effective measure to overcome the cumulative interference. In addition, we can predict that the restricted area should be adjusted flexibly with the enhancement of D2D transmission power and the decrease of the distance between BS and D2D transmitter. In order to analyse the system performance, we define   2 , n x  as the system overall gain. Figure 6 shows the system gain under three different transmission modes, in which we suppose the restriction zone with r = 15 m. From the figure we can perceive that the overall gain of the proposed system is growing by one or two orders-ofmagnitude with the increase of storage exponent  c , which is obviously different from the cellular transmission and oneto-one D2D links. Correspondingly, we should keep in mind that the proposed transmission strategy not only accelerates the transfer speed and decreases the transmission delay, but also offloads the data stream of the BS effectively. 
Conclusion
Content delivery strategy based on cache-enabled D2D is an effective way to settle the exponential growth of data traffic in cellular networks. In this paper we employ many-to-one D2D transmission to yield large diversity and multiplexing gains without additional cost. Our analytical and simulation results show that the proposed model makes an exponential increase of system gains with the growth of storage exponent and the number of users. Meanwhile, the transmission delay of the most popular files can be reduced and data traffic can be offloaded to D2D communication effectively. 
